In this work, we study an extension of the Standard Model (SM) based on the gauge symmetry SU (3) C × SU (2) L × U (1) Y × U (1) R where only the right-handed fermions have nonzero U (1) R charges and the U (1) Y weak hypercharge of the SM is identified as a combination of the U (1) Y and U (1) R charges. The gauge charge assignment of the fields is constrained by the conditions of the anomaly cancellation and the gauge invariance of the Yukawa couplings. The light neutrino masses are generated via the type-I seesaw mechanism where the Majorana masses of the right-handed neutrinos are related to the U (1) Y × U (1) R symmetry breaking scale. Then, we discuss the constraints on the free parameters of the model from the various current experiments, such as precision measurement of the total Z width, ρ parameter, atomic parity violation of Cesium, LEP and LHC bounds. In addition, we investigate the potential of probing for the signal of the new neutral gauge boson based on the forward-backward asymmetry for the process e + e − → µ + µ − which is the most sensitive mode at ILC.
symmetry SU (3) C × SU (2) L × U (1) Y × U (1) R where the right-handed fermions are charged under the right-handed gauge symmetry U (1) R , whereas the left-handed fermions have no charges under this symmetry [37] [38] [39] [40] . The charge assignment depending on the chirality of fermions is quite natural due to their chiral nature. The U (1) R extension of the SM has attracted a lot of attention and is one of the promising candidates for new physics beyond the SM because of reasons. The three right-handed neutrinos are naturally accommodated as a result of the anomaly cancellations and thus can account for the light neutrino masses. This extension can arise from SO(10) grand unified models [9] or from the left-right symmetric models [43] . The Higgs vacuum stablility problem can be solved because the running of the Higgs quartic coupling gets modified due to its coupling to new gauge boson [44] . In addition, the U (1) R extension of the SM provides richer phenomenology and the candidate for dark matter [40, 45] .
In this paper, we aim to provide a new understanding of U (1) R extension of the SM by proposing another scenario based on the following gauge symmetry
and then study the constraints consistent with current experimental data as well as the potential of probing for the signal of the corresponding new gauge boson at the colliders. In this scenario, the charge operator is identified by
where Y and X R are the charges associated with U (1) Y and U (1) R , respectively. By this way, this model is called flipped U (1) R extension of the SM. Obviously, the weak hypercharge in the SM is related to the charges Y and X R as, Y = Y + X R . The spontaneous symmetry breaking of the gauge group (1) is performed through two stages. At the first stage, the symmetry U (1) Y × U (1) R would be broken down to the weak hypercharge symmetry U (1) Y , whereas at the second one the electroweak symmetry SU (2) L × U (1) Y would be broken down to the electromagnetic symmetry
This work is organized as follows. In section II, we formulate our model where the particle content and the gauge charge assignment are introduced. In addition, we present the scalar, neutrino, and neutral gauge boson sectors and determine the couplings of gauge bosons to the fermions. In section III, we discuss the two-body decays of the new neutral gauge boson at the tree level. In section IV, we study the constraints on the free parameters of the model from current experimental data. In section V, we consider the potential of testing the model by studying the deviation of the forward-backward asymmetry for the process e + e − → µ + µ − at ILC. Finally, our conclusion is drawn in section VI.
II. MODEL
In this section, we formulate our model based on the gauge symmetry (1) with the content of the fermions and scalars and the gauge charge assignment given in Table I . The nonzero vacuum expectation value (VEV) of the scalar singlet Φ would break the symmetry U (1) Y × U (1) R down to U (1) Y , whereas nonzero VEV of the scalar doublet H would break the electroweak symmetry The total Lagrangian is, up to the gauge fixing and ghost terms, given by
where the field strength tensors are defined as
correspond to the gauge groups SU (3) C , SU (2) L , U (1) Y , and U (1) R , respectively, the covariant derivative D µ is given by
with {g s , g, g 1 , g 2 } to be the gauge couplings corresponding to
the scalar potential is given by
and the Yukawa interactions read
with H = iσ 2 H * . For simplicity, the matrix h M is considered to be diagonal without loss of generality due to the phase redefinitions of the fields. Note that, in general the gauge boson B can mix kinetically with the one X, but we assume that it is negligible in this work.
After the first stage of the spontaneous symmetry breaking,
identify a combination of the gauge bosons B and X corresponding to the zero mass as the gauge field associated with the weak hypercharge symmetry U (1) Y . (Whereas, another combination corresponds to the nonzero mass.) Using this combination and the covariant derivative (5), we can find the relation between the gauge coupling g of the symmetry U (1) Y in terms of g 1 and g 2 as
From this relation and Table I , we can see that in the limit g 2 → ∞ and X H → 0, the symmetry U (1) Y should become U (1) Y and the gauge boson of U (1) R should decouple to the SM particles.
A. Anomaly cancellation
We can list the nontrivial anomalies associated with the gauge symmetry (1) as fol- 
where Y f and X f refer to the U (1) Y and U (1) R charges of the fermion f , respectively, and we have used the fact X Q = X L = 0. The second and last lines of Eq. (9) imply the following relation
by which the seventh line automatically satisfies. Furthermore, the U (1) Y and U (1) R charges of the fermions are constrained by the relation (2) which leads to
With the relations (10) and (11) , it is easily to see that the first, third and eighth lines of Eq. (9) automatically satisfy all. Whereas, the fourth, firth and sixth lines all lead to
In addition to the conditions of the anomaly cancellation and the relation (11), we have other constraints from the conditions of the gauge invariance of the Yukawa interactions given by
where Y H (Y Φ ) and X H (X Q ) are the U (1) Y and U (1) R charges of the scalar field H(Φ). Then, we can obtain the U (1) Y and U (1) R charges for the fermions and scalar fields in terms of a free parameter X H as showed in Table I .
B. Scalar sector
After the spontaneous symmetry breaking, the doublet and singlet scalars are parameterized as
Here, VEVs v and v satisfy the conditions of the potential minimization as
which leads to
The CP -odd fields w + (x), z(x) and z (x) would become Nambu-Goldstone bosons which are eaten by the charged and two neutral gauge bosons. The CP -even fields mixes together with the Lagrangian of their mass determined from the mass terms in the scalar potential as
The mass eigenstates are obtained as
corresponding to the following masses
Here, the light Higgs boson h 1 is identified as the SM Higgs. The mixing angle α between the physical states h 1 and h 2 is determined by
which suggests that for λ 3 = 0 there is no the mixing between them. Due to this mixing, the SM couplings of h 1 to the SM fermions and gauge bosons get modified, which is constrained by the measurements of the Higgs production cross section and its decay branching ratio at LHC leading to s α < ∼ 0.2 [46] from which we obtain the following bound
C. Neutrino masses
The fermions acquire the Dirac masses through VEV of the scalar doublet H at the electroweak symmetry breaking scale v. In addition, the right-handed neutrinos get the Majorana masses
The charge sector is the same the SM one, since here we are only interested in the neutral sector. From the neutrino Yukawa interaction terms, we obtain the Lagrangian of neutrino masses as
By diagonalizing the mass matrix of the neutrinos, it leads to the following mass eigenvalues
corresponding to the following eigenstates
where U M N S is the Maki-Nakagawa-Sakata (MNS) matrix determined by the current neutrino oscillation data [46] and δ = h M −1 (h ν ) T v/2v . The eigenstates ν L are identified as the observed light neutrinos, whereas the eigenstates ν R are the heavy neutrinos. Because the sub-eV neutrino mass scale leads to that the mixing parameter δ is extremely small, we have the approximation,
D. Neutral gauge boson sector
The spontaneous symmetry breaking SU (2) L ×U (1) Y ×U (1) R down to U (1) em gives the masses to the gauge bosons. The SM charge sector of the gauge bosons does not get modified in this work, hence we focus the neutral sector only. The mass matrix of the neutral gauge bosons in the basis (W 3µ , B µ , X µ ) is given by
By diagonalizing this mass matrix, one can find the mass eigenvalues as,
The mass basis is related to the basis
masses of the physical gauge bosons Z µ and Z µ is given by
and the mixing angle β between them is determined by
where t ≡ g 2 /g 1 and s W ≡ sin θ W with θ W to be Weinberg angle. The physical state Z is identified as the SM neutral massive boson and another physical state Z is the heavy new gauge boson predicted by the model.
E. Fermion-gauge boson couplings
In order to derive the couplings between the gauge bosons and the fermions, let first us expand the Lagrangian for the fermions in (3) as
where we have dropped the terms relating to the symmetry SU (3) C . From this and the relation 
where f only refers to the charged fermions and
with c W ≡ cos θ W and t W ≡ tan θ W . The mixing does not change the electromagnetic couplings and the charged currents for the quarks. The charged currents for the leptons is given by
III. PARTIAL DECAY WIDTHS AND BRANCHING RATIOS
We study the two-body decays of the extra gauge boson Z predicted by our model. In this work, we are interested in the case M Z < m ν R and M Z < m h 2 and consider the tree-level processes.
Due to the gauge boson Z having the couplings with leptons and quarks, Z can decay to the fermion pairs Z →f f with the decay width given by
In addition, due to the mixing between the SM gauge boson Z and the new gauge boson Z , there are other modes which Z can decay to the pairs W + W − and Zh 1 , with decay widths given by [47] Γ where the mass dimension coupling g Z Zh 1 is given by
with s 2β ≡ sin 2β, c 2β ≡ cos 2β, and s 2θ W ≡ sin 2θ W .
In figure 1 , we show the two-body decay branching ratios of the new gauge boson Z as a function of its mass M Z . We find the values of the branching ratios of Z decays in the left panel 
According to this figure, the dominant decay channels depend on the values of the free parameters t and X H . For the left panel of figure 1 , the final state with the highest branching ratio is the dilepton modes. Also, the branching ratio of l=e,µ Z →ll is relatively higher than the branching ratio of q=u,d,s,c Z →qq in the entire range of the Z boson mass in consideration, which suggests that search for Z at LHC can be accessible through a clean dilepton signal. This is due to that the values of the free parameters t and X H in this case lead to the Z couplings to leptons large compared to the Z couplings to quarks. In addition, the ratio Γ Z /M Z obtained in this case is about 3% which implies a narrow resonance in the invariant mass distribution of the final-state system. On the contrary, for the right panel of figure 1 , the decay of Z is sensitive to the dijet modes compared to dilepton modes. The ratio Γ Z /M Z obtained in this case is about 47% which means that the Z resonance should be very broad. Note that, the branching ratios of Z → W + W − and Z → Zh 1 are quite small and are approximately equal together due to the consequence of Goldstone boson equivalence in the high energy limit.
IV. CONSTRAINTS ON THE NEW PHYSICS
In this section, we are interested in the constraints on the free parameters of the model using various current experiments from which the allowed parameter space is obtained.
A. Precision measurement of the total Z width
The tree-level mass mixing between the SM gauge boson Z and the new gauge boson Z would modify both the mass and couplings of Z. As a result, it would lead to the corrections to the relevant SM predictions, which should be constrained by the precision electroweak measurements such as the precision measurement of the total Z width.
First, let us rewrite the Z couplings to the SM fermions in our model as
where f only refers to the charged fermions,
the SM values for the vector and axial couplings of the SM gauge boson Z
to the charged fermions, respectively, the shifts δ V,f and δ A,f in these couplings are given by
and the shift in the Z coupling to the light neutrinos is given by
Then, we can write the total width of the SM gauge boson Z in our model as
where Γ SM Z is the SM prediction and the shift δΓ Z in the total Z width is given by
with the sum taken over the relevant charged fermions and the shift δM Z in the mass of the SM gauge boson Z given by
With the experimental value of the total Z width Γ exp Z = 2.4952±0.0023 GeV and the SM prediction Γ SM Z = 2.4942 ± 0.0008 GeV [46] , we impose a constraint |δΓ Z | < 0.0025 GeV from which one can obtain a lower bound on the mass of the new gauge boson Z as
which depends on the free parameters t and X H .
B. Perturbativity condition
If the Z couplings are not too big, the perturbation approximation in the relevant processes is reliable. We impose the following simple perturbativity condition on the ratio of the total Z width to the Z gauge boson mass [48] 
where
with the sum taken over all fermions except the heavy neutrinos ν R and the partial widths given in the previous section. This condition leads to a constraint for the free parameters t and X H as
C. ρ parameter One of the most important observables, which is used to constrain models of new physics, is ρ parameter defined by
which is equal to one in the SM. At the tree level, the contribution of new physics to ρ parameter comes from the mixing of the SM gauge boson Z to new one Z , which is given by
The experimental value of ρ parameter is given by ρ = 1.00039 ± 0.00019 which is 2σ above the SM expectation ρ SM = 1 [46] . Since if new physics exits it must satisfy ∆ρ < 0.00058 which leads to the following lower bound
D. Atomic parity violation of Cesium
In the SM, the gauge boson Z causes the atomic parity violation (APV) characterized in terms of the weak nuclear charge Q W of a nucleus. In our model, the new gauge boson Z would lead to an additional contribution to the weak nuclear charge. Currently, the weak nuclear charge of Cesium has been measured to a precision given by [49] [50] [51] Q exp W ( 133 55 Cs) = −73.16 (29) 
which is in agreement with the SM prediction (including electroweak radiative corrections) [52, 53] as 
with Z = 55 and N = 78. Then, one can find a lower bound on the mass of the new gauge boson Z as
The presence of the new gauge boson Z should lead to the deviations from the SM prediction in the process e + e − → l + l − with (l = e, µ, τ ), which is constrained by the LEP data []. By integrating out this heavy gauge boson, one can find a contact interaction for the process e + e − → l + l − which is parametrised by the following effective Lagrangian
where δ el = 1(0) for l = e (l = e), the Z couplings to the left-and right-handed leptons are given by
and η ij = C Z i,e C Z j,l . By fitting this contact interaction to the relevant LEP data [55] , it leads to
for (1 + t 2 )X H < 1 which corresponds to the case η LR , η RL > 0, and
for (1 + t 2 )X H > 1 which corresponds to the case η LR , η RL < 0. Then, we obtain a lower bound on the mass of the new gauge boson Z as
F. LHC constraint
At LHC, the new gauge boson Z can be resonantly produced from thefusion and subsequently decay to the pairs of the SM fermions. The most promising channel to search for the new gauge boson Z at LHC is through Drell-Yan process, namely pp → Z → l + l − (l = e, µ). The cross-section for this process at a fixed collider center-of-mass energy √ s is given, with no cut on the lepton pair rapidity, by
where √ŝ is the invariant mass of the dilepton system,σ(qq → Z → l + l − ) is the cross-section at the partonic level given bŷ
and Lis the parton luminosities defined by
with f q(q) (x,ŝ) to be the parton distribution function of the quark q (antiquarkq) evaluated at the scaleŝ [56] . From the cross-section for the process pp → Z → l + l − predicted in this model and the upper limits on σ × BR corresponding to a new neutral gauge boson at the 95% confidence level obtained by the ATLAS [57] , we can find the constraint on the Z gauge boson mass and the gauge coupling ratio t for X H kept fixed. In figure 2 , we show the current LHC limits and the cross-section for the process pp → Z → l + l − for various values of t at X H = 1/6. From this figure, one can find that the lower bound on the Z gauge boson mass is about 2.95 TeV, 3.4 TeV, and 4.1 TeV corresponding to t = 2, t = 1.5, and t = 1, respectively.
In figure 3 , we combine the current LHC limits and the bounds obtained above to find the allowed parameter region in the M Z − g 2 /g 1 plane. The regions below the black, green, red, blue, and purple curves are excluded by the current LHC, ρ parameter, total Z width, LEP, and Cesium nuclear weak charge bounds, respectively. The white region refers to the allowed parameter space corresponding to the current experimental data. From this figure, one can see that the direct search of new neutral gauge boson at LHC imposes the most stringent bound on the relation between M Z and g 2 /g 1 . With X H = 1/6 and the region of g 2 /g 1 satisfying the perturbativity constraint (48) , the mass of the new gauge boson Z must be constrained as, M Z > ∼ 2.9 TeV. Here, we use X H = 1/6 and the region of g 2 /g 1 satisfies the perturbativity constraint (48) .
V. FORWARD-BACKWARD ASYMMETRY AT ILC
We investigate the potential of probing for the signal of the new gauge boson Z in our model by studying the deviation of forward-backward (FB) asymmetry with respect to the process e + e − → f f at the International Linear Collider (ILC). The most sensitive mode corresponding to this process at ILC is
where σ i = ±1 and k i are the helicities and the 4-momentum of the charged leptons, respectively.
Since in this work, we focus on the final state mode µ + µ − . The helicity amplitudes for e + e − → µ + µ − coming from the contributions of the γ, Z, and Z gauge bosons are written as
where θ is the scattering polar angle,
In general, the partially-polarized differential cross-section is defined as follows [58] dσ(P e − , P e + ) d cos θ =
where P e − and P e + are the degrees of polarization for the electron and positron beams, respectively, and dσ σ 1 σ 2 /d cos θ is the differential cross-section for purely-polarized initial state with the helicity of the final states summed up, given by
By following the realistic values at ILC [59] , one define the polarized differential cross-sections as
Then, the forward-backward asymmetry is determined by the following quantity
where the index i refers to L or R, and the number of the forward (backward) events is defined by
with to be the efficiency of observing the events which is equal to one for electron and muon final states, c max = 0.95 with respect to the muon final state [60] .
The sensitivity to the contribution of the new gauge boson Z in FB asymmetry of the process e + e − → µ + µ − is determined by the following quantity given by [58, 61] δA L(R)
We estimate the sensitivity to the contribution of the new gauge boson Z in FB asymmetry of the process e + e − → µ + µ − by requiring ∆A the allowed parameter region obtained in the previous section, we find the regions which can give the > 2σ sensitivity, the ≥ 4σ sensitivity, and discovery reach at ≥ 5σ statistical significance, given in table II. In more general way, we present the regions which can give these confidence levels in figure 5. The region which can give the > 2σ sensitivity is above the black curve but below the blue one.
Whereas, the regions which can give the ≥ 4σ sensitivity and discovery reach at ≥ 5σ statistical significance are above the black curve but at/below the red and purple curves, respectively. From this figure, we see that at the available colliding energy and the sufficient integrated luminosity, FB assymetry is quite sensitive for the polarized cross-section σ R at the sufficient large t region.
Whereas, with both of the sufficient colliding energy and integrated luminosity, FB assymetry for σ R is sensitive at both of the sufficient small and large t region. For the polarized cross-section σ L , the corresponding FB assymetry is relatively less sensitive at the sufficient large t region. determined the gauge charges of the fields from the conditions of the anomaly cancellation and the gauge invariance of the Yukawa couplings. We have also indicated that the light neutrino masses can be explained through the type-I seesaw mechanism where the Majorana masses of the right-handed neutrinos are related to the U (1) Y × U (1) R symmetry breaking scale.
VI. CONCLUSION
We have studied the two-body decays of the new neutral gauge boson at the tree level. We have found that the dominant decay channels, which are either the dilepton or dijet modes, depend on the values of the free parameters of the model. In addition, we have obtained the constraints on the free parameters of the model based on precision measurement of the total Z width, perturbativity condition, ρ parameter, atomic parity violation of Cesium, the e + e − → l + l − process at LEP, and the current LHC limits on the production of new gauge boson. Finally, in order to test the model, we have investigated the forward-backward asymmetry for the process e + e − → µ + µ − which is the most sensitive mode at ILC. We have found that, for the colliding energy and integrated luminosity which are expected in the upgraded ILC, there are the significant parameter regions which can give the > 2σ, ≥ 4σ sensitivities and discovery reach at ≥ 5σ statistical significance for the signal of
